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The Ammonia Maser as an Atomic Frequency

and Time Standard’

R. C. MOCKLER?, T. BARNES?, R. BEEHLERY, H. SALAZARY, axp L. FEVT

time standard are high signal-to-noise ratio, high ~ made. The main {eatures of our double beam maser are
frequency stability, high operating frequency— shown in Fig. 1. Rather simple tests determine the de-
sithin the region of existing microwave techniques— gree of symmetry, but it remains to be demonstrated
and reproducibility. The maser®? distinguishes itself in  experimentally just how symmetric the apparatus can
te first three of these requirements. The present signal- be constructed. If the svmmetry is perfect, then the
«-nioise ratio of our instruments is about 10* as com- maser should be expected to oscillate at the Bohr fre-
qared to about 100 for atomic beam machines, and the quency, provided that other effects mentioned later are
frequcncy stability is approximately 1X 107" or better adequately reduced. It is perhaps interesting to note
jor periods of a few minutes. It is expected that the that experimentally we observe a shift in frequency of
period of this stability can be extended. The frequency about 2% 10~% from double-beam operation to single-
of the maser is about two and one-half times that of beam operation. Thisis nota fixed shift but presumably
wsium beam standards. The maser has, however, the depends upen the values of the parameters already men-
pasic shortconiing that its output frequency is not easily  tioned. From this figure we estimate the measured am-
: yeproduced. It is here that the maser’s competitor, the monia frequency to be within 2X107° of the Bohr
stomic beam machine® excels. {requency.
~ There are a number of effects that introduce {re-
_quency shifts in the maser? and make reproducing a
' particular frequency difficult. The least well understood
of these is probably the Doppler shift that may be ex-
sected to occur because of the variation of molecular
emission with position inside the resonant cavity. As a
result of this nonuniform emission there will be a net
ow of power along the length of the cavity either in
e direction of the molecular velocity or opposed to it,
ie., a traveling wave will exist in the cavity in addition
10 the standing wave. Associated with the traveling
wave, the average molecular velocity. and the losses in
the cavity, a Doppler shift in {requency is expected. The
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]\{ HE essential qualities ol an atomic frequency and depending upon how symmetrical the apparatus can be
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shift can be either positive or negative relative to the Fig. 1—A double-beam ammonia maser.
Bohr frequency and the magnitude of the shift will de-
. pend upon t 24 x, the cavity ecular : . : : T
 pend upon the beam flux, the cavity @, the molecula Other effects introducing frequency shifts in the

5 velocity—properly averaged—and the position of the  pager can be reduced adequately for reproducibility to

- coupling iris. ‘The fr‘cqucncy shift arising from power (iihin 2X10-1° by careful adju;tment. Some of‘ ti‘lem

‘ fow to the coupling iris has been treated in some detall .4 be avoided. .

byTS}?:}-lsoiia;L @\i ‘;i of reducing this Doppler effect, and The most important of these effects are the shifts in-
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perhaps even eliminating it. This can bi done by pro- ;?;:?n?t‘dia;?en 5\171111118- s frequency shifeis ep-

“jecting two identical beams into the cavity?*—the beams TS .
entering opposite ends—and locating the coupling hole
atthe center. An almost zero Doppler shift should result

r Qcavity -
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- * Menuscript received by the PGI, August 30, 1958, where /_\fm?, is the shx‘ft in frequency of the maser signal
;J;\letl(élal Bureau]of Standards, Boulder, Colo. from the frequency it would have if the cavity were
~ '].P. Gordon, H. J. Zeiger, and C. H. Townes, “The maser—new 1 ! . : X :
‘»Z;fhpe of microwave amplifier, frequency standard, and spectrometer,” tuned L.O the mas.er frequency, Quavity is the loaded Q of
5. Rev., vol. 99, pp. 1264-1274; August, 1955. the cavity, Quine is the Q of the spectral line, and Afe.visy
i K. Shimoda, T. C. Wang, and C. H. Townes, “Further aspects  i¢ (he difference | - betwe 1 ) - of th
i the theory of the maser,” Phys. Rev., vol. 102, pp. 1308-1321; o < ce lrequency belween the peak of the
unae,ngo‘ v . cavity resonance and the peak of the ammonia reso-
- - Essen and J. V. L. Parry, “The caesium resonator as a stand- Ja < i e ATmais
:.r(li of frequency and times” Bhdl, Trams, Rov. Soc. (London), A, nance. The loaded Q of our cavity is about 5000-and the
ol 250, pp. 45-60; August, 1957. Q of the spectral line is about 5X 108 Then if we wish
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our maser {requency to be “pulled” by not more than
1X 1071 or 2.4 cps, the cavity must be tuned within
7 4 kc.of the ammonia line; 7.e., Afewity = 2.4 ke, In this
piece of arithmetic it is important to choose Qiine as the
0 of the spectral line for non-interacting ammonia mole-
cules, 7.c., under conditions of no feedback in the molec-
ular amplifier. Since the maser is a regenerative ampli-
fier the line width or the amplifier bandwidth is not a
fixed quantity. Indeed, this is actually observed experi-
mentally. We can easily observe molecular bandwidths
from less than 100 cps to over 7 ke. Fig. 2 shows a typi-
cal trace of a line shape or response curve for a particu-
lar set of conditions. 1t is somewhat difficult to set the
cavity within the required limits. We have found that
setting the cavity for a symmetrical line shape on the
recorder permits the setting of the maser signal with a
reproducibility within 2107 This requires sweeping
over the line shape several times with the maser ad-
justed for line widths of about 700 cps. Actually for
N ammonia the line shape is not expected to be sym-
metric because of hvperfine structure. Under these cir-
cumstances a small frequency shift is introduced by
symmetrizing the line shape. This shift could be avoided
by using N*¥ ammonia without loss in signal-to-noise
ratio.

MASER 1
SEPT. 20, 1957
NO. 13

L drl ]

498 N49s FREOOENCY MARKERS |

Fig. 2—A recording of the ammonia line shape or amplifier response
curve for particular conditions of beam flux, external excitation,
and resonant cavity characteristics.

To prevent cavity detuning that occurs with a change
in cavity temperature, the temperature must be con-
trolled within 0.01°C in order that the maser frequency
does not vary more than 1 X107, Also our experiments
indicate that frequency shifts produced by magnetic
fields, pressure fluctuations, and voltage fluctuations,
can be easily reduced to within 11070

In order to measure the high frequency of the maser,
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a multiplier chain must be used. The power spectryp,
of the chain has a finite bandwidth depending upon the
quartz crystal from which the primary frequency is de.
rived and the introduction of new signal and noise cop,.
ponents by the chain itself. If the envelope of the spe.
trum is not symmetrical, the multiplier chain {requency
cannot be assumed to be an integral multiple of the
primary frequency. This assumption is usually a goog
one, but we thought it best to make some appropriate
measurements, considering the kind of precisions thar
are involved. Using the maser as a spectrum analvzer,
we were able to determine that the bandwidth of the
power spectrum of our chain was about 5 cps at 23,900
mc, and that it was symmetrical.

It is evident from observing the beat note between
two masers that temperature variations of the wave.
guide structure introduce significant changes in the
match between the maser cavity and the waveguide.
This causes a frequency shift that could presumably be
avoided by undercoupling the cavity to the waveguide
structure.

In conclusion, experiment indicates that masers could
be constructed according to a recipe such that different
machines would oscillate within an estimated 3 X107,
This recipe could be considerably simplified by con-
structing double beam masers as symmetrical as possi-
ble. If it can be shown that a degree of symmetry could
be attained that would allow frequencies of different
machines to be consistent within 1 or 2X107", then
this method of construction would probabiy be pre-
ferred because the maser would, so far as the authors
can see, oscillate at the Bohr frequency. In either case.
the maser has application as a standard of frequency
and time. Measurements show the maser to be the most
stable oscillator so far devised, at least for short periods,
and there seems to be no insurmountable reason why
this stability cannot be sustained for long periods.

Our measured frequency for the J=3, K=3 transi-
tion is

23,870,129.007 =

10 cps precision =+ 100 cps accuracy.

The measurement is reproducible to +35 cps. \We esti-
mate that this measurement is within 100 cps of the
Bohr fsequency. This frequency is based on a compari-
son with a cesium beam standard assuming that the
cesium transition has the frequency 9,192,631,840 cps.
Comparison with other measurements® requires reduc
tion to a common time base.
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